Introduction: The rapid development of economy has led to extensive raw material consumption and relevant environmental damage in China. To analyze environmental impacts and identify materials resulting in these environmental effects via raw material extraction, we combine economy-wide material flow accounting and life-cycle analysis methods to estimate environmental impacts of Chinese domestic extraction (DE) during the period of 1992-2015. The relationship between these increasing environmental impacts and Chinese GDP was also explored by decoupling analysis. Outcomes: Results show that Chinese DE increased by 372% during 1992-2015. The global warming potential, abiotic depletion potential, and respiratory inorganics of Chinese DE increased by 195%, 46%, and 408%, respectively. In terms of specific materials, extraction of iron ores, gravel and sand, and coal induced the most environmental impacts. The relationship between environmental impacts and Chinese GDP/ DE was characterized by relative decoupling. Conclusion: To minimize the environmental impacts of extraction, we recommend that the Chinese government improve its extraction techniques and reduce excess demand for materials with large extraction such as iron ores, gravel and sand, and coal. We also recommend researching alternative materials for scarce resources like molybdenum, gold, and fluorite.
Introduction
With remarkable economic development, infrastructure construction, and population growth, China's raw material consumption has increased many-fold during the twentieth century (Krausmann et al. 2009 ). Nearly one-third of global raw materials consumption comes from China at continuously increasing proportions (Wang et al. 2012) . It is also worth noting that most materials consumed in China are exploited domestically (Ma et al. 2018; Schandl and West 2010) . Accompanying these extracted resources are municipal solid waste (Geng 2012; Schandl and West 2012) , carbon dioxide (CO 2 ) emissions (Tian et al. 2011; Shen et al. 2014; Cao et al. 2016; Chen and Chen 2017) , smog (Xie et al. 2016; Wu et al. 2017) , and other environmental problems (Liang et al. 2014 ), all of which have become pertinent issues in China.
To accounting the resources used in one economy, the material flow analysis (MFA) method is usually used. MFA refers to the analysis of the throughput of process chains comprising the extraction or harvesting, chemical transformation, manufacturing, consumption, recycling, and disposal of materials (Bringezu and Moriguchi 2002) . MFA facilitates tracking of similar material categories (Gao et al. 2016; Liu, Bangs, and Müller 2012; Chen and Graedel 2015; Chen et al. 2016; Yue et al. 2014 Yue et al. , 2015 and analysis of bulk materials via economy-wide material flow accounting (EW-MFA) (Wang et al. 2012 Schandl et al. 2016; Schandl, Muller, and Moriguchi 2015; Wang et al. 2014) .
During the last two decades, EW-MFA has become increasingly popular for quantifying material flows across economic and environmental systems (Fischer-Kowalski et al. 2011) . It draws an analogy between materials' weight and their environmental impacts. In most MFA studies, researchers have identified construction materials (e.g., sand and gravel), fossil fuels, and metallic minerals as having high proportions in material indicators, such as domestic extraction (DE) and domestic material consumption.
Although MFA has been used for more than 20 years, it possesses inherent disadvantages. First, weight is not a specific environmental indicator. When facing different environmental problems, using MFA alone and taking weight as the sole indicator to measure environmental impacts is unpersuasive . Second, adding the weights of materials returns inaccurate and unreasonable findings because the environmental impacts of exploiting 1 kg of different materials vary (Van der Voet, Ven Oers, and Nikolic 2004) . When adding material weights using a simple calculation, many key materials may be obscured within sand and gravels or other materials with high proportions (Van der Voet et al. 2005; De Bruyn et al. 2004) . Therefore, scholars have questioned the scientific nature of this analogy (Zhang, Chen, and Ruth 2018; Xu and Zhang 2007; Fischer-Kowalski et al. 2011) . It is crucial to quantify the severity of environmental impacts from raw material extraction to determine which forms of extraction have the greatest effects. It is similarly essential to analyze the relationships between these environmental impacts and Chinese economic development to inform China's future environmental policy.
Life cycle analysis (LCA) is a common method of quantifying the environmental impacts of a specific product from cradle-to-gate. Indicators are arranged for different environmental impacts, such as global warming potential (GWP), abiotic depletion potential (ADP), and respiratory inorganics (RI) (Guinee et al. 2001; Jolliet et al. 2003) . In this study, we combine MFA and LCA methods and transform the weight results from MFA to specific environmental impacts. We then obtain the real environmental impacts of the DE of Chinese raw materials and identify those materials most associated with environmental problems.
In recent years, most studies using LCA have focused on enterprise-level or factory-level data (Courtonne et al. 2015; Burchart-Korol, Korol, and Czaplicka-Kolarz 2016) to quantify the environmental impacts of a product's manufacturing process (Bai et al. 2018; Liu et al. 2016; Yang et al. 2015) . Little research has investigated a whole group of natural resources at a regional level (Lopes Silva et al. 2015) or national level (Costello, Xue, and Howarth 2015; Van der Voet, Ven Oers, and Nikolic 2004) to quantify their environmental impacts or upstream material flows in a social-economic system. A social-economic system involves hundreds of raw materials in the exploitation process and millions of products in the manufacturing process; it is nearly impossible to maintain a mass balance between material input and output and quantify the environmental impacts of all raw materials and products without double-counting. Hence, most studies have focused on a relatively simple system when building models, such as a school or city. National-level studies have generally addressed a specific kind of raw material or its subsequent product Ding et al. 2017; Hong et al. 2017; Liu et al. 2018) .
Although these national studies can facilitate simple comparisons of annual environmental impacts, they cannot compare the impacts of different materials throughout a year to determine key materials. Our study focuses on the exploitation process of 49 kinds of raw materials in China during 1992-2015 to quantify the environmental impacts of raw material extraction and identify those resulting in major environmental impacts.
In research similar to this study, Ester van der Voet's work (Van der Voet, Ven Oers, and Nikolic 2004) involving the Netherlands played an important role in enlightening our methods. Because of the long life cycle of the study, the research did not involve all the raw materials; in this study, we are focusing on the environmental impacts of raw materials via the extraction process. In addition, a report from the International Resource Panel of UNEP (IRP 2017) assessed the environmental impacts of raw material extraction at a global level, but our research focuses on China specifically and employs Chinese LCA data. We also compared the growth of GDP, DE, and their environmental impacts using a decoupling method to quantify the relationship between these impacts and Chinese economic development. We then analyzed whether productivity improvement and resource structure adjustment in China benefited the environment and which materials should be prioritized for improvement and adjustment in the future.
The remainder of this paper is organized as follows. In Section 2, we introduce the materials investigated in this research and our corresponding adjustments according to the MFA and LCA methods. Section 3 presents the DE and environmental impacts of raw material exploitation in China from 1992 to 2015 and their decoupling conditions. Section 4 introduces findings from MFA, LCA, and decoupling analyses along with recommended environmental improvements for China. Section 5 offers conclusions along with answers to the three questions raised earlier.
Method and data

Goal and scope definition
In this study, we estimate the environmental impacts of Chinese raw material extraction during 1992-2015 by integrating MFA and LCA. Raw materials in the MFA method tend to be classified into three types: metallic minerals, non-metallic minerals, and fossil fuels. These materials are basic in society development, and their DE is large and increasing in China.
We selected 49 kinds of materials for analysis, the extractions of which were substantial and offered comprehensive records from China during 1992-2015. Table 1 details these materials.
The study period spanned 1992-2015, and we built 24 independent models to simulate material extraction circumstances in China each year. The functional unit of each model was defined as the exploitation of raw materials in China for 1 year. The system boundary of metallic minerals is from ore's mining to beneficiation and that of non-metallic minerals and fossil fuels is mining process only. Figure 1 shows the system boundary when we focus on iron ore's exploitation process. Due to the limitation of LCA database and data collection, we focus more on the environmental impacts caused by human behavior. Hence, some environmental impacts like fugitive emissions of coalbed methane are not considered in this study.
We examined the exploitation process in this way for two reasons:
(1) If we had defined the processing scope from exploitation to production, it would have been difficult to consider all final products and maintain a mass balance between raw materials and products. The 49 selected raw materials have millions of final products. Figure 1 . The system boundary of iron ore (red dashed boxes) and the overview of iron and steel industry.
(2) We can easily classify environmental impacts among different industry sectors (i.e., different mining sectors of raw materials). Conclusions regarding mining sectors and drivers behind the environmental impacts of increasing consumption of these natural resources can thus be easily drawn. We selected three environmental impact indicators from different LCA methodologies in this study, all of which are representative and popular in materials' exploitation process and can be found from eFootprint, a LCA online system. GWP (Global Warming Potential, IPCC2013) is the most fundamental indicator when analyzing environmental problems. It is a measure of how much radiative forcing a greenhouse gas traps in the atmosphere up to a specific time horizon (Forster et al. 2007 ). This indicator also serves as an important standard in environmental quality assessment and police government. ADP (Abiotic Depletion Potential, CML2002) is a representative indicator when analyzing the scarcity of raw materials. It is a measure of the decrease of availability of the total reserve of potential functions of resources, and resource exhaustion is a popular topic in China (van Oers andGuinée 2016). RI (Respiratory Inorganics, IMPACT2002+) is a popular indicator to assess air quality and human health, and this indicator refers to respiratory effects, which are caused by inorganic substances (Humbert, Margni, and Jolliet 2005) . We measured this indicator based on PM2.5, which is strongly related to smog problems in China.
DE of raw materials in China
The MFA method is a mature approach for characterizing material flows and stocks. In this study, we used MFA to collect and estimate the DE of raw materials in China following the Eurostat EW-MFA Guideline 2013 (Eurostat 2013) . A brief introduction to our modifications follows; Supporting Information S1 and S2 offer more details.
(1) The DE of some non-metallic minerals we collected was subdivided by use, and we merged these materials into one category. For example, we merged "sand and gravel used for fertilizer" and "sand and gravel used for building stone" into "sand and gravel." (2) The DE of some non-metallic minerals was not recorded completely; DE was missing for some years and could not be estimated. We adjusted such DE according to the importance and quantity of materials. Non-metallic minerals with a negligible DE (less than 1% of the specific category) were ignored. For nonmetallic minerals with considerable DE, we estimated the missing DE according to that of adjacent years and the output value of the nonmetal mining sector in specific years. (3) We adjusted the DE of "limestone used for cement," "clay used for tile," and "sand and gravel used for building" according to Chinese infrastructure construction circumstances.
LCA of material extraction in China
In this study, the life cycle inventory and background data of a specific material were taken from eco-invent and the CLCD database provided by eFootprint (Liu, He, and Hou 2010; Liu, Wang, and Chen 2010) . All materials in the MFA method and LCA database were consistent. The environmental impacts of material extraction in China were calculated according to the following equation:
where EI m i is the m-type environmental impact of material extraction in the ith year. DE i;j is the DE of material j in the ith year, and I m j is the m-type environmental impact of exploiting per ton of material j. In this study, LCA data from eFootprint only provided 2014 as the reference year; hence, we did not distinguish the I with different years. In addition, most LCA data were taken from CLCD and took China as the origin of production to ensure I depicted the average technology level in China.
We also made some adjustments to remain consistent with specific materials in the MFA and LCA methods. Metallic minerals in DE considered using the MFA method consisted of primary minerals, whereas most metallic minerals in the LCA database were concentrated minerals. We estimated the DE of concentrated metallic minerals by adjusting the DE of primary metallic minerals with the ore grade of primary and concentrated metallic minerals (Supporting Information S3). In addition, LCA data of some nonmetallic minerals were unavailable in eco-invent or the CLCD database (IKE 2017) . We replaced these LCA data with those of limestone exploitation.
Decoupling analysis of material extraction in China
According to environmental impacts calculated by the combined MFA and LCA methods, we compared the relationships among GDP, DE, and environmental impacts of material exploitation using decoupling analysis and the following formula (Wang et al. 2013) : We analyzed the conditions of productivity improvement and resource structure adjustment in China according to the value of Dr and evaluated it at three levels: absolute decoupling, relative decoupling, and non-decoupling (see Table 2 ). Absolute decoupling indicates that the environmental impacts or resource use remain constant or decrease when GDP grows. Relative decoupling indicates that the environmental impacts or resource use increase with a lower rate than GDP. Non-decoupling means that the environmental impacts or resource use increase with the same rate or higher rate than GDP.
Data preparation
In our study, historical data (1992-2012) for material DE were sourced and updated according to a related reference , and related references (Ma et al. 2016; Zhang, Yang, and Wang 2015) . The converted coefficient and estimate rule used to adjust the DE of non-metallic minerals was sourced from Economy-Wide Material Flow Accounts and Derived Indicators (Eurostat 2013) . Eco-invent and the CLCD database were sourced from IKE Environmental Technology Company Limited's eFootprint online system (Liu, Wang, and Chen 2010; Liu, He, and Hou 2010; IKE 2017; Frischknecht et al. 2005) . GDP was sourced from China Statistical Yearbook and adjusted to reflect the constant price in 1992 (National Bureau of Statistics of China 1993-2016).
Results
Overview of material extraction
We used EW-MFA to calculate DE of non-metallic minerals, metallic minerals, and fossil fuels in China during 1992-2015. Then, we used LCA to calculate the environmental impacts (GWP, ADP, RI) of exploitation of these materials in China during the same time. Figure 2 shows the DE and environmental impacts of raw material exploitation in China during 1992-2015. Main conclusions from these results are listed in Table 3 GWP results differed from those of DE; the GWP of Chinese DE only increased by 195% during the study period. As the main contributor of GWP, fossil fuels contributed 80% (820 million tons CO 2 eq) and 75% (500 million tons CO 2 eq) of Chinese GWP in 2015 and total GWP increase during 1992-2015, respectively. Non-metallic minerals were the second contributor, accounting for 12% (120 million tons CO 2 eq) of Chinese GWP and approximately 15% (100 million tons CO 2 eq) of the total GWP increase.
ADP results showed an increasing trend of instability, different from the smooth increases in DE, GWP, and RI. The ADP of China's DE increased by only 46% from 72,000 tons Sb eq in 1992 to 100 thousand tons Sb eq in 2015, with an average annual growth rate of 2.3%. Metallic minerals were a major contributor to ADP from a specific material category viewpoint, contributing 89% (93 thousand tons Sb eq) of China's ADP in 2015 for a total approximate increase of 79% (26 thousand tons Sb eq) during 1992-2015. As a second contributor, fossil fuels accounted for only 5.8% (6 thousand tons Sb eq) of China's ADP and approximately 11% (4.1 thousand tons Sb eq) of the total ADP increase.
RI results exhibited a similar tendency as those of Chinese DE, although the growth rate was higher than that of DE, increasing by 408% from 210 thousand tons PM2.5 eq to 1 million tons PM2.5 eq over the 1992-2015 period. Non-metallic minerals contributed most to RI: 61% in 2015 (6.6 million tons PM2.5 eq) for a 64% increase overall (550 thousand tons PM2.5 eq). As a second contributor, metallic minerals contributed only 26% (280 thousand tons PM2.5 eq) of China's RI for a 27% increase (230 thousand tons PM2.5 eq). A comparison of these results indicates that RI grew at the fastest rate, increasing by 408%, whereas ADP grew at the slowest rate with a mere 46% increase. In addition, different types of materials dominated the growth of different environmental impacts.
Environmental impacts of material extraction
We compared 49 materials based on DE and environmental impacts to determine which materials resulted in major environmental impacts. Figure 3 presents the DE and environmental impacts contribution of specific materials exploited in China during 1992-2015. Taking 2015 as an example, we also determined the top 10 materials in terms of DE, GWP, ADP, and RI (Table 4) .
In terms of DE, sand and gravel, limestone, and coal were the top three contributing 55%, 13%, and 13% of DE in 2015, respectively. Crude oil and iron ores were other major materials with high DE in this study. The similarities of these materials included their continuous growth in DE during 1992 DE during -2015 At the same time, the proportion of clays reduced from 28% to 10%; that of sand and gravel increased from 36% to 55%.
As for the top three contributors to GWP, coal, crude oil, and sand and gravel contributed 57%, 19%, and 8% in 2015, respectively. Iron ores, natural gas liquids, limestone, and gypsum were other materials that caused high GWP, contributing 11% in 2015. Among these six materials, four ranked within the top five for DE, and three were fossil fuels. Coal, as the top contributor to GWP, also met these two conditions. During 1992-2015, the proportion of crude oil declined by half from 38% to 19% while that of coal increased from 50% to 57%. Antimony ores were the top contributor to ADP, accounting for 30.58% in 2015. Gold and tungsten ores also dominated ADP, contributing 17% and 9% in 2015, respectively. Except for fluorite and coal, which respectively ranked eighth and ninth on ADP, eight of the top 10 materials were non-ferrous metal ores; these contributed 88.98% of ADP collectively. The proportion of antimony reduced by half from 68% to 31% and that of gold increased from 9% to 17%.
For RI, sand and gravel, iron ores, and limestone and gypsum were the top three contributing 44%, 22%, and 11% in 2015, respectively. The materials behind them were fossil fuels, namely coal, crude oil, and natural gas liquids. Materials ranking in the top six for GWP also ranked in the top six for RI; however, fossil fuels contributed only 12% of RI but 78% of GWP. During 1992-2015, the proportion of crude oil declined rapidly from 17% to 5% and that of clay decreased from 8% to 3%. Figure 4 illustrates the results of decoupling analysis of Chinese DE and environmental impacts based on GDP during 1992-2015. We took 1992 as the reference year and determined four kinds of Dr as standard DE, GWP, ADP, and RI, respectively.
Decoupling analysis of material extraction
Results show that the decoupling condition of Chinese DE and environmental impacts with GDP tended toward relative decoupling during 1992-2015. This increasing tendency was partly driven by growing GDP and Chinese productivity, which partly impeded environmental degradation. The condition of DE in 1993 was non-decoupling, but the condition improved rapidly during 1993-2000 and then stabilized at relative decoupling when Dr reached approximately 0. According to these results, Chinese DE and the environmental impacts of material extraction during 1992-2015 were partly driven by increasing GDP in China. Compared to these four indicators, increases in DE and RI exhibited the closest relationship with GDP, whereas patterns of ADP had a weaker relationship; thus, the decoupling condition of environmental impacts was generally better than that of DE.
Results of decoupling analysis on the extraction of Chinese materials and corresponding environmental impacts with DE are shown in Figure 5 . Based on resource structure optimization in China, and if the Chinese resource structure never changed, DE and the environmental impacts would increase simultaneously where the value of Dr was close to 0. The decoupling condition of the environmental impacts with DE tended toward relative decoupling during 1992-2015. In other words, Chinese resource structure adjustment impeded increases in environmental impacts, the rate of which increased more slowly compared to DE. The condition of RI reflected relative decoupling during 1992-2015, and conditions were steady when Dr was approximately 0.3. However, the condition of ADP indicated an unstable tendency of absolute decoupling These results indicate that Chinese environmental impacts of material extraction during 1992-2015 were partly driven by increasing DE; furthermore, the relationship with DE was closer than that with GDP. Compared with these three indicators, the increasing tendency of RI was most closely associated with DE, whereas the tendency of ADP indicated a weak relationship.
Discussion
Material rank by environmental impacts
The key point of our study was to combine the LCA and MFA methods to identify materials with high environmental impacts. The following question is to be answered: which kind of the materials have the largest environmental impacts? From the DE viewpoint, sand and gravel, dominated China's DE by more than 50%. Fossil fuels constituted the largest proportion of GWP, because extracting fossil fuels per kg (especially crude oil) generated more greenhouse gases than others did. Regarding ADP, eight of the top 10 materials in ADP were non-ferrous metal ores, contributing 88% of ADP. In comparison, non-ferrous metal ores only contributed 2% of DE in 2015, explaining why the increasing tendency of ADP was much different from that of GWP, RI, or DE. The results of RI were similar to those of DE, and high-DE materials also dominated RI. Figure 6 compares the rankings of DE and GWP, ADP, and RI. The x-axis shows DE ranking, and the yaxis shows the three kinds of environmental impacts. The 49 points reflect the materials in our study. The diagonal line presents the same ranking of DE and environmental impacts. If combining the LCA method changes DE results, then the diagonal line and its vicinity indicate a concentrated point distribution.
Results show many points far from the diagonal line, representing materials we sought to identify. For example, molybdenum ores ranked 45 th in DE but eighth in GWP. Antimony ores ranked 47 th in DE but first in ADP. Rare earth ranked 37 th in DE but eighth in RI. Findings also suggest that most points of non-ferrous metal ores were below the diagonal line, whereas those of most non-metallic minerals were often above it; hence, the environmental impacts of most non-ferrous metal ores appeared undervalued with smaller extraction, and the impacts of most non-metallic minerals were overvalued.
We summarize the following advantages of combining MFA and LCA methods:
(1) Results were more persuasive and specific.
GWP, ADP, and RI represented specific environmental impacts, but DE did not. By combining the LCA method, we can select different impact indicators to analyze various environmental problems.
(2) By combining the LCA method, we determined materials with high environmental impacts that were not previously discovered, such as crude oil, natural gas liquids, antimony ores, and gold ores. (3) By combining the LCA method, we can scientifically adjust the MFA results. Sand and gravel were found to be major contributors to DE, and they are also important to GWP and RI, but their proportions declined. Nonferrous metal ores were not important in MFA, but regarding environmental impacts, their proportion increased drastically.
Study limitations
Due to LCA database limitations, we could not collect all the coefficients of environmental impacts for the extraction of materials in China. We, therefore, used the coefficients of some materials for other countries. This adjustment could influence the accuracy of our results, especially for ADP, which was calculated based on the extraction rate and ultimate reserve of materials in the reference country. We studied the environmental impacts of a longterm sequence during 1992-2015, but the LCA data in our study represented extraction technology in 2014. Hence, we might underestimate environmental impacts during 1992-2013 and overestimated it in 2015 when using a single year data to represent all years. To reduce this error, we adjusted the DE of metallic minerals according to the ore grade each year, but this is only one part of error reduction (Mudd 2007) .
We also faced the problem of double-counting when adding the environmental impacts of all materials together to represent material extraction in China because some materials could influence other materials' exploitation process (Dente et al. 2018) . For example, the exploitation of some materials requires an electric power supply, and electricity generation requires coal. The environmental impacts of material extraction thus include part of the impact of coal used to generate electricity. When adding the impacts of a given material and that of coal, the contribution of coal would be double-counted.
Conclusion
In this study, we estimate the Chinese DE of metallic minerals, non-metallic minerals, and fossil fuels during 1992-2015 using MFA to determine specific materials with high extraction. To address the weaknesses of MFA (its indicators are too aggregated to hide different environmental impacts of different material flows), we estimated three environmental impacts associated with China's DE (GWP, ADP, and RI) by combining MFA with LCA to determine which materials induced major environmental impacts but were not high in DE. Finally, we analyze the relationship among DE, environmental impacts, and GDP using decoupling analysis.
The main results are as follows:
(1) Chinese DE increased by 372% from 6.3 billion tons to 30 billion tons during 1992-2015.
At the same time, the GWP of Chinese DE increased by 195% from 350 million tons CO 2 eq to 1 billion tons CO 2 eq, ADP increased by 46% from 72 thousand tons Sb eq to 100 thousand tons Sb eq, and RI increased by 408% from 210 thousand tons PM2.5 eq to 1.1 million tons PM2.5 eq during 1992-2015. (2) Regarding material categories, non-metallic minerals comprised the largest contributor (80%) to the increment of DE; fossil fuels contributed most (75%) to the increment of GWP; metallic minerals contributed most (79%) to the increment of ADP; and nonmetallic minerals was the biggest contributor (64%) to the increment of RI. (3) From a specific material viewpoint, sand and gravel was the biggest contributor (55%) to the increment of DE; coal contributed most (57%) to the increment of GWP; antimony ores contributed most (31%) to the increment of ADP; and sand and gravel contributed most (44%) to the increment of RI. (4) The decoupling condition of DE and environmental impacts with GDP reflected relative decoupling, and the decoupling condition of environmental impacts was better than that of DE. The decoupling condition of environmental impacts with DE was also relative decoupling in general.
By discussing the results of DE and environmental impacts, we discovered that some materials (sand and gravel, iron ores) contributing high environmental impacts also contributed high DE. They were basic materials in society as revealed elsewhere. Hence, improving extraction techniques and reducing excess demand for these materials are optimal means of minimizing the environmental impacts of the increment of extraction in terms of production and consumption. On the other hand, some materials (molybdenum, gold and fluorite) with high environmental impacts were not high-DE materials; they were scarce as indicated by our results. Hence, the sustainable use for these materials should be paid more attention.
